Abstract-In this paper, the application of space time block codes in a very high data rate multiband-OFDM ultra-wideband (VHDR MB-OFDM UWB) system, where the Modified Dual Carrier Modulation (MDCM) scheme and Low Density Parity Check codes are deployed, is investigated. First, we present a new table-based mapping approach and derive soft-demapping expressions for the MDCM scheme. We then propose a spacetime-frequency coded VHDR MB-OFDM UWB system by incorporating space time block codes into the conventional VHDR MB-OFDM UWB system. Numerical simulations of the system supporting a data rate of 1Gbps over the IEEE 802.15.3a channel models are implemented. The simulation results confirm the new mapping/demapping method as well as demonstrate the significant improvement in terms of packet error rate performance of the proposed system over the standard one.
INTRODUCTION
Ultra-wideband (UWB) wireless communications have emerged as one of the most promising transmission techniques for high data rate applications with low cost and low power consumption [1] , [2] . On the other hand, Multiple Input Multiple Output (MIMO) techniques, e.g. space time codes [3] , [4] , could significantly improve system performance. Therefore, the combination of these technologies may be a potential solution for satisfying the demand of future personal wireless applications.
The investigation of space time frequency (STF) coded multiband-orthogonal frequency division multiplexing ultrawideband (MB-OFDM UWB) systems have been mentioned in the literature, such as [5] and [6] . In [5] , the authors proposed a coding framework for MIMO MB-OFDM UWB systems. They quantified the system performance regardless of specific coding schemes in the case of Nakagami-m frequency selective fading channels. The authors in [6] examined the performance and derived the design criteria for STF codes in the proposed STF coded MB-OFDM UWB system under the channels with the log-normal distribution. Although the results in terms of performance improvement are promising, these works only considered the systems with harddemapping.
As introduced in the WiMedia's latest Release 1.5 [7] , for the case of very high data rate (VHDR) applications, the Modified Dual Carrier Modulation (MDCM) and Low Density Parity Check (LDPC) codes are deployed, replacing a DCM modulation and convolutional codes. Therefore, in these configurations, a MDCM soft-demapping process is required to produce soft-values for the input of the LDPC decoder.
In this paper, we examine the application of space time block codes (STBCs) in the VHDR MB-OFDM UWB system. First, we propose a table-based mapping and derive softdemapping expressions for the MDCM scheme. Next, we consider enhancing the performance of the standard system with transmit diversity techniques. Specifically, we propose a Space-Time-Frequency coded VHDR MB-OFDM UWB system by incorporating STBCs into the standard VHDR MB-OFDM UWB system. It will be shown via simulations that the proposed system could achieve a significant improvement in performance compared to the conventional one.
The rest of the paper is organized as follows. In Section II, we review the WiMedia's VHDR MB-OFDM specifications, and then describe the mapping/demapping method for the MDCM. In Section III, we propose the STFC VHDR MB-OFDM UWB system. Simulation results are provided in Section IV. Finally, Section V concludes the paper.
Notation: A bold letter denotes a vector or a matrix, whereas an italic letter denotes a variable. The physical layer architecture of a VHDR MB-OFDM system is similar to that of a conventional OFDM one, except that the carrier frequency changes from one symbol to another. The block diagram of the transmitter is depicted in Fig. 2 . Accordingly, information data are first scrambled, and then encoded by a LDPC encoder [8] . The encoded bit stream is mapped into a MDCM constellation. The resulting data are fed into an IFFT blocks to generate OFDM symbols. The total number of subcarriers in each OFDM symbol is 128, of which, there are 100 data subcarriers, 12 pilot subcarriers, 10 guard subcarriers, and the rest are null subcarriers. At the receiver, the signals are processed in the reverse order.
With respect to some characteristics the VHDR MB-OFDM system differs from the conventional OFDM system. First, a zero-padded suffix (ZPS) of length 37 is used to mitigate the effects of multipath as well as provide a guard interval for transceivers to switch from one subband to another. Second, the MB-OFDM system transmits symbols using different subbands specified by time-frequency codes (TFCs). These TFCs are used not only for providing frequency diversity but also for multiple access purpose. Third, wireless channels in a MB-OFDM UWB system follow a log-normal distribution, rather than the Rayleigh distribution.
B. A proposed table-based mapping approach for MDCM
For the MDCM modulation, each group of eight bits is converted into two complex numbers, i.e. two OFDM subcarriers, )
The mapping process is mathematically described in the WiMedia's specifications [7] . By exploiting the structure of the MDCM mapping, we propose another way of mapping by using Table  I . This mapping table is arranged in a compact way so that it has only 16 rows instead of 256 ones as normally for binary 8-tuples. The mapping process is described as follows. Denote a group of 8 bits needed to be mapped to be . The value of the bits . 
Second, the relation between the bits
is exactly the same as that between the bits
Also, the relation between the bits These observations are similar to DCM in [9] .
C. Derivation of soft-demapping expressions for MDCM
We now derive MDCM soft-demapping expressions. Denote the signal received at the k th subcarrier to be ), (k y
is the complex fading coefficient and ) (k n is a complex Gaussian random variable with variance 2  per dimension. The equalized signal could be expressed as
where the noise term has variance
The demapping problem is that we need to estimate
Define the log-likelihood ratio (LLR) of the i th , i = 0,...,7 bit associated to a pair of symbols )
Using the first observation mentioned in Section II.B, for estimating bits ,
we could express the LLR values as in (4) 
III. STF CODED VHDR MB-OFDM UWB SYSTEM
In this section, we propose the Space-Time-Frequency coded VHDR MB-OFDM UWB system. We consider a system equipped with 2  M transmit antennas and N receive antennas. A simplified block diagram of this system is depicted in Fig. 3 . The operation of this system is described below.
At the transmitter, the data bits are encoded, and mapped onto MDCM constellation points. The resulting signal is then fed into the space-time-frequency encoder. At the encoder, the Alamouti code [4] is used for implementing the STF encoding.
to be the two blocks of K = 100 complex numbers that the encoder takes for each Rx 
coding operation. In the first period, the encoder outputs 1 x and 2 x for transmission via the first and second antenna, respectively. In the next period, the two output sequences are * 2 x  and .
* 1
x Therefore, the STF matrix could be expressed as
The output sequences from the STF encoder are then fed into 128-point IFFT blocks. The IFFT output is added with a zeropadded suffix (ZPS) to form a MB-OFDM symbol before being transmitted via its corresponding transmit antenna.
At the receiver, the received signal at each antenna is fed into the FFT block after the ZPS is removed. Denote per dimension. These two combined sequences are then taken by the MDCM demapper. The demapper will calculate the soft-value for each bit. Due to the similarity between each element in two vectors, 1 x and 2 x in (11), and the equation (2), the LLR expression used to calculate soft-values in this Table 6 .32 in [7] CM1, CM2, CM3, CM4 system are derived in a similar way to the ones in Section II.C. As an example, the LLR expressions used for calculating softvalues of the i th bit associated with the pair of symbols x 1 (k) and x 1 (k+50) of x 1 are given in (12), where A=[A(0),...,  A(k),..., A(K-1) ]. It should be noted that the LLR values, such as in (8) and (12), could be further normalized as done in [11] . Finally, the LDPC decoder takes the soft-values for softdecoding in order to retrieve the transmitted information.
IV. SIMULATION RESULTS
In this section, simulation results are provided to support the derived mapping/demapping method as well as illustrate the performance improvement of the proposed system over the conventional one. The simulation parameters are chosen based on the WiMedia's specifications for the data rate of 1024 Mbps, and are listed in Table II . In addition, the LDPC encoding algorithm developed in [8] which could achieve linear running time is adopted in our simulation. We measure the system performance in terms of packet error rate (PER) over the IEEE 802.15.3a channel models defined in [12] . There are four channel models, namely CM1, CM2, CM3, and CM4, corresponding to different scenarios. The CM1 channel is based on a measurement of a Line of Sight (LOS) scenario where the distance between the transmitter and the receiver is up to 4 m. The others are CM2 (0-4m, Non Line of Sight-NLOS), CM3 (4-10m, NLOS), CM4 (4-10m, NLOS, rms delay spread of 25 ns). Moreover, the multipath gains are modeled as independent log-normally distributed random variables in these models. We assume that perfect channel state information is available at the receiver. Fig. 4 shows the PER performance of the conventional VHDR MB-OFDM UWB system with the mapping/demapping method presented in Section II. The PER performance of the same system using 16-QAM modulation is also simulated for comparison. It can be seen that, the system performance with MDCM is better than that with 16-QAM, although both of them have the same bandwidth efficiency. This is because the Fig. 4 Performance of the VHDR MB-OFDM UWB system with MDCM and 16-QAM modulation schemes (1 Rx antenna) MDCM scheme could exploit frequency diversity as the same bits are mapped onto two different subcarriers [7] .
The performance of the proposed STFC VHDR MB-OFDM UWB system is shown in Fig. 5 and Fig. 6 . In Fig. 5 , we compare the PER performance of the proposed system equipped with two transmit antennas and one receiver antenna with that of the conventional system. It is clear that there is a significant improvement in performance over all four channel models. For example, a gain of about 3 dB at PER=10 -2 could be achieved over the CM1 and CM2 channel models. Similar observations can be made in the case of two receive antennas as depicted in Fig. 6 . Moreover, the PER performance of 10 -2 could be attained at low SNR values with this system even in the highly dispersive channel models of CM3 and CM4.
V. CONCLUSIONS
We have examined the application of space time block codes in the VHDR MB-OFDM UWB system. The table-based mapping approach and soft-demapping expressions for MDCM modulation have been introduced. The proposed STFC VHDR MB-OFDM UWB system has been described in detail and its performance has been evaluated via simulations. It can be concluded that the proposed system could achieve a significant improvement in terms of PER performance compared to the conventional one. We have considered the systems equipped with up to two transmit/receive antennas using the effective Alamouti code in this paper. Extending this work to the systems with a higher number of transmit antennas is under investigated for a completed study. 
